I. INTRODUCTION
W AVELENGTH division multiplexing passive optical networks (WDM PONs), offering point-to-point connectivity and independence of multiple access protocol to share the medium, are good candidates for supporting the new fronthaul fiber network requirements [1] . The necessity to allow inventory and maintenance cost reduction will favor WDM PON solutions based on colorless transceivers. We present recent results of a network embedded self-tuning colorless transmitter, based on a self-seeding architecture [2] exploiting an O-band high-polarization dependent gain (HPDG) reflective semiconductor optical amplifier (RSOA). Due to the presence of a HPDG device, a two-Faraday topology is exploited to ensure stability of the signal state of polarization (SOP) Manuscript within the optical cavity, which is established between the optical reflector at the remote node (RN) and the mirror at the reflective semiconductor optical amplifier, placed at the optical network unit (ONU) [3] . Recent works [4] - [6] have demonstrated the effectiveness of this approach to cope with the SOP evolution due to the unavoidable birefringence associated with the distribution fiber, which connects the ONU and the RN WDM multiplexer, namely an arrayed waveguide grating (AWG). The authors demonstrated operation of the two-Faraday rotator-based optical circuit up to 10 Gb/s for different AWG full width half maximum (FWHM) channel bandwidth, nevertheless the interplay between the self-tuning transmitter chirp and the feeder fiber chromatic dispersion significantly limited the transmission reach in standard single mode fibers (SSMF).
In this letter we focus on the expedient to mitigate the dispersion impact, that is translating the transmitter operation in the O-band, where SSMF have their zero-dispersion wavelength. This approach allows for the optical distribution network (ODN) fiber plant reuse, which is unavoidable in already deployed infrastructures. Moreover WDM PON AWG cyclic transfer function extends its replica to the O-band, with losses equivalent to those in the C-band, allowing also for already developed multiplexers reuse. The enabling devices of this new solution are suitable RSOA chips in the O-band, which were purposely developed and which allowed, for the first time to the best of our knowledge, the operation of a self-seeded RSOA-based transmitter in O-band (around 1320 nm), overcoming chromatic dispersion penalties and achieving transmission over more than 70-km SSMF up to 10-Gb/s rate.
II. RSOA CHIPS FOR O-BAND OPERATION
The RSOA plays the triple role of sustaining the cavity gain, of modulating the transmitted signal via its bias current and of bleaching the recirculating modulation inside the cavity, thus its design is fundamental for the operation of the self-seeded transmitter [7] .
New O-band RSOA chips have been fabricated with III-V Labs Buried Ridge Stripe technology, from compressively strained InGaAsP Multi Quantum Wells (MQW), with front facet reflectivity below 60 dB and rear facet one around 30%. Compared to previously designed and realized C-band RSOA, the ridge width and the spot-size converters design, as well as the barrier height have been adapted to the new wavelength band. Furthermore improved characteristics are expected from InGaAlAs MQW, mainly because of larger 1041-1135 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. barrier height for electrons. The actual O-band chips offer a high small signal gain (above 25 dB at 1.32 µm), while displaying a HPDG (higher than 20 dB). The RSOA spectra are centered around 1320 nm and present gain ripples higher than 5 dB. Fig. 1 displays the typical measured E/O response for one chip for various bias currents, which highlights a still limited bandwidth of this first generation O-band RSOA.
III. EXPERIMENTAL SET UP AND RESULTS
The experimental set up exploited to test the colorless transmitter in O-band is presented in Fig. 2 . An RSOA operating in O-band, whose optical output spectrum centered at 1323 nm with a FWHM of nearly 20 nm is shown in the inset, is followed by a 45°Faraday rotator (FR). The FR is connected via a SSMF drop fiber to one of the ports of an AWG, which selects the transmitter operation wavelength. On the AWG common port, a coupler feeds the 10% of the signal to the SSMF feeder fiber, while the 90% of the recirculating radiation is back-reflected by a Faraday rotator mirror (FRM). The output coupler ratio has been chosen in 90/10 as a reasonable trade off between the cavity losses and the transmitter output power, which allows the power budget necessary for long feeder fiber transmission. Two different setup elements have been used as RN wavelength multiplexer: a 32-channel Gaussian Athermal Cyclic AWG designed for C-band 100-GHz channel spacing, which presents in O-band a FWHM of 65 GHz and an optical tunable filter (OTF) with 145-GHz FWHM. The filters present both different FWHMs and different insertion losses (4 dB for the AWG and 1.2 dB for the OTF) allowing for optical cavities with different associated RINs [8] and in particular with different associated roundtrip losses. Different lengths of standard SSMF have been employed as drop fiber ranging from a few meters to 1 km. The feeder fiber is also a SSMF with tested lengths up to 72 km. The exploited receiver is an APD receiver followed by a commercially available clock and data recovery circuit (CDR) with an electronic equalizer, namely a 9-taps feed forward equalization (FFE) and a 4-taps decision feedback equalization (DFE). Fig. 3 shows the power (measured at the cavity output, Fig. 2 point A) versus bias current curves for the implemented cavities: the slope of the curve decreases as the roundtrip cavity losses increase. The OTF-based cavity suffers roundtrip losses of 6.4 dB and 7.1 dB respectively for the 10-m or 1-km SSMF drop fiber; whereas the roundtrip losses for the AWG-based cavity are 12.2 dB, 12.5 dB and 13 dB respectively for the 10-m, 420-m and 1-km drop fiber. The picture also indicates that, given a particular transmitter working point, defined by the bias current, the losses and the cavity length influences the output power, that is the available power budget for transmission in the feeder fiber. Fig. 4 presents back to back BER measurements performed at 10 Gb/s with the self-tuning transmitter operated with both multiplexers and including drop SSMF up to 1 km. The peculiarity of the self-seeded transmitter is that back to back measurements actually include propagation in the drop fiber. With drop fiber of a few meters (squares) performance below 10 −9 BER can be obtained for both cavity filters. The 4-dB penalty between the two curves can be mainly ascribed to the 6-dB roundtrip loss difference, which causes higher RIN levels and lower extinction ratio (ER). Fig. 5 presents the eye diagrams of the short cavities for the two multiplexers and the respective optical spectra with 10-Gb/s modulation applied. As can be seen the ER is respectively 5.6 dB for the OTF-based cavity and 4.3 dB for the AWG-based cavity, which have been obtained with 102-mA and 114-mA bias currents. As longer cavities are concerned, it can be observed that longer drop fibers slightly shifts the working point choice in terms of higher bias current, which reduces the ER for both filters, the data current swing being maintained around 100 mA. Moreover Fig. 4 shows the presence of error floors as longer cavities are concerned. When increasing the cavity length, the cavity mode spacing proportionally decreases, thus the number of cavity modes under the spectrum envelope increases: thousands of modes for the short cavities increase to hundreds of thousands for the km-long ones. The presence of a higher number of modes increases the transmitter RIN, which is the cause of BER floor rising, with floors at higher BERs for longer cavities [6] .
After back to back evaluation, the transmitter propagation performance over various lengths of SSMF feeder fiber have been assessed. In particular Fig. 6 presents the comparison of the results for the AWG-based transmitter with few meters drop fiber, after propagation over the 20-km SSMF feeder fiber and over the 52-km SSMF. As can be seen the 10-Gb/s BER experimental points actually overlap to the trend line (black continuous line) for both back to back (squares), 20-km SSMF (circles) and 52-km SSMF (diamonds). These results confirm that, as expected, chromatic dispersion penalty is completely negligible in the O-band, allowing to bridge very long feeder fibers. In this situation the ultimate transmission distance is only defined by the back to back performance and the allowed power budget. In particular with the AWG transmitter the 420-m cavity has been able to bridge 52-km SSMF at 10 −3 BER, which is below the enhanced FEC limit of 3·10 −3 [9] , whereas the 1-km cavity both due to the worse back to back performance (around 1 dB penalty) and the transmitter output power, which is 0.7 dB lower, can bridge more than 40-km SSMF. As the OTF based self-tuning transmitter is concerned even longer feeder fibers have been bridged thanks to the available output power and better performance. In particular a 5 · 10 −4 BER has been obtained after 72 km of SSMF for the 10-m cavity, while 40-km SSMF can be bridged by the 1-km drop fiber transmitter with BER lower than 3 · 10 −3 FEC limit.
Previously shown measurements were performed for the OTF centered around the RSOA gain peak and for the AWG channel at 1320 nm. The transmitter performance over the available RSOA gain bandwidth are instead shown in Fig. 7 , which presents the back to back BER curves at 10 Gb/s for eight channels of the AWG, covering the spectrum between 1314.652 nm and 1330.82 nm.
The performance refer to the few-meter cavities and, as can be seen, present a 3 dB variation among all the channels. The worst performance are associated with the farthest channels from the RSOA gain peak, bias currents have been optimized channel by channel and range between 107 mA and 137 mA; the optimization has been performed by monitoring the BER at a fixed received power. When higher bias currents are necessary to make up for a slightly lower roundtrip gain, this also translates in a lower transmitter ER, which actually varies from 4.3 dB for the 1320 nm channel to 2.8 dB for the 1330.82 nm channel and motivates the 3-dB difference among the various channel performance.
IV. CONCLUSION
We have experimentally demonstrated operation at 10 Gb/s of a network-embedded colorless self-tuning WDM transmitter for fronthaul access applications, which exploits self-seeding in an O-band RSOA and allows the ODN fiber plant reuse. Due to the high polarization dependence of the RSOA gain steady performance and a high round-trip gain are obtained thanks to a FRM, located in proximity of the remote-node and shared among all the ONUs and a FR placed at the output of the RSOA. The transmitter performances have been experimentally evaluated for various drop fiber lengths, which characterize the transmitter cavity together with the WDM multiplexer, which has been supplied either by a 32-channel Gaussian Athermal Cyclic AWG or an O-band tunable optical filter. Comparison of measurements in back to back and after propagation over tens of kilometers of SSMF have confirmed the absence of chromatic dispersion penalties, endorsing the choice of moving the device operation in the O-band. Both WDM multiplexers have allowed to bridge more than 40-km SSMF at 10 Gb/s with cavity up to 1 km. Whereas the OBF based transmitter allowed for propagation over 72-km SSMF with BER lower than the 3·10 −3 FEC limit. Results have been confirmed over 15 nm on the RSOA gain bandwidth testing various cyclic-AWG channels. These results are encouraging in view of a possible self-tuning transmitter exploitation in the mobile front-haul.
